Regulated exocytosis mediates the release of hormones and transmitters. The last step of this process is represented by the merger between the vesicle and the plasma membranes, and the formation of a fusion pore. Once formed, the initially stable and narrow fusion pore may reversibly widen (transient exocytosis) or fully open (full-fusion exocytosis). Exocytosis is typically triggered by an elevation in cytosolic calcium activity. However, other second messengers, such as cAMP, have been reported to modulate secretion. The way in which cAMP influences the transitions between different fusion pore states remains unclear. Here, hormone release studies show that prolactin release from isolated rat lactotrophs stimulated by forskolin, an activator of adenylyl cyclases, and by membrane-permeable cAMP analog (dbcAMP), exhibit a biphasic concentration dependency. Although at lower concentrations (2-10 M forskolin and 2.5-5 mM dbcAMP) these agents stimulate prolactin release, an inhibition is measured at higher concentrations (50 M forskolin and 10 -15 mM dbcAMP). By using high-resolution capacitance (C m ) measurements, we recorded discrete increases in C m , which represent elementary exocytic events. An elevation of cAMP leaves the frequency of full-fusion events unchanged while increasing the frequency of transient events. These exhibited a wider fusion pore as measured by increased fusion pore conductance and a prolonged fusion pore dwell time. The probability of observing rhythmic reopening of transient fusion pores was elevated by dbcAMP. In conclusion, cAMP-mediated stabilization of wide fusion pores prevents vesicles from proceeding to the full-fusion stage of exocytosis, which hinders vesicle content discharge at high cAMP concentrations.
Introduction
Regulated exocytosis mediates the release of hormones and transmitters stored in vesicles (Jahn et al., 2003) . This process ends with the merger of the vesicle membrane and the plasma membrane, leading to the formation of a stable and narrow fusion pore, through which secretions exit the cell (Spruce et al., 1990; Lollike et al., 1995; Vardjan et al., 2007 ). An increase in cytosolic calcium concentration ([Ca 2ϩ ] i ) leads to the fusion pore diameter increase, which eventually either fully opens (full-fusion exocytosis) or reversibly closes (transient exocytosis) (Vardjan et al., 2007; . Fluctuations between fusion pore states with different diameters have been reported, lasting from milliseconds to minutes before full-fusion (Fernandez et al., 1984; Vardjan et al., 2007; Jorgačevski et al., 2010) . These fluctuations can exhibit remarkable rhythmicity (Henkel et al., 2000; Stenovec et al., 2004; Vardjan et al., 2007) , but their nature remains elusive.
Changes in [Ca 2ϩ ] i are likely to play a role in regulating the transitions between stages of exocytosis (Alés et al., 1999; . Additionally, elevations in cAMP affect exocytosis (Renström et al., 1997; Sikdar et al., 1998; Cochilla et al., 2000; Kostic et al., 2002; Sedej et al., 2005; Gonzalez-Iglesias et al., 2006) , but it is less clear exactly which exocytic stages are modulated by cAMP. In lactotrophs, cAMP facilitates hormone release via several mechanisms (Gonzalez-Iglesias et al., 2006 Stojilkovic et al., 2010) , also by affecting the exocytic machinery (Sikdar et al., 1990) . Interestingly, cAMP may shift fullfusion to transient exocytosis, as shown in insulin-secreting cells (Hanna et al., 2009 ). In contrast, in melanotrophs, cAMP mediates preferential fusion of larger vesicles without increasing the frequency of events (Sikdar et al., 1998) .
To investigate the nature of the transitions between stages vesicles undergo in regulated exocytosis, we studied peptidergic vesicles of rat pituitary lactotrophs, cells in which unitary exo-cytic events can be studied (Stenovec et al., 2004; . We first asked how elevations in intracellular cAMP affect hormone release from the population of lactotrophs. The results revealed a biphasic effect of cAMP. At relatively low cAMP elevations, prolactin (PRL) release was augmented, whereas a decreased release in PRL was recorded at higher cAMP levels. Next, the cell-attached patch-clamp was used to monitor discrete changes in membrane capacitance (C m ), which represent unitary exocytic events (Neher and Marty, 1982) and permit measurements of fusion pore conductance (G p ) and fusion pore dwell time (Lollike and Lindau, 1999; Jorgačevski et al., , 2011 . Elevations in cAMP increased the frequency of transient, but not full-fusion, events. Transient fusion pore openings exhibited increased G p and prolonged fusion pore dwell time. Moreover, cAMP increased the probability of rhythmic reopenings of transient fusion pores. Although cAMP increased the frequency of unitary exocytic events, cAMP-mediated stabilization of widely open transient fusion pores may hinder the discharge of vesicle contents.
Materials and Methods
Cell cultures. Lactotrophs were isolated from adult male Wistar rats as described previously (Ben-Tabou et al., 1994) . Briefly, cells were plated on glass coverslips coated with poly-L-lysine and maintained in the feeding medium (high-glucose DMEM supplemented with 10% newborn calf serum 1.5 M BSA and 2 mM L-glutamine) in an atmosphere of humidified air (95%) and CO 2 (5%) at 37°C. The feeding medium was replaced every other day. The animals were killed in accordance with the International Guiding Principles for Biomedical Research Involving Animals developed by the Council for International Organizations of Medical Sciences, the Directive on Conditions for Issue of License for Animal Experiments for Scientific Research Purposes (Official Gazette of the Republic of Slovenia 40/85 and 22/87), and the National Institute of Child Health and Human Development Animal Care and Use Committee. The procedures using animals were approved by the Veterinary Administration of the Republic of Slovenia (approval no. 3440 -29/ 2006) . Experiments were performed at room temperature 1-4 d after the isolation.
PRL release and cAMP measurements. PRL and cAMP release was monitored using cell column perfusion experiments. Briefly, 1.2 ϫ 10 7 cells were incubated with preswollen cytodex-1 beads in 60 mm Petri dishes for 18 h. The beads were then transferred to 0.5 ml chambers and perifused with Hanks' M199 containing 25 mM HEPES, 0.1% BSA, and penicillin (100 U/ml)/streptomycin (100 g/ml) for 2.5 h at a flow rate of 0.8 ml/min and at 37°C to establish stable basal secretion. Fractions were collected at 1 min intervals and later assayed for PRL and cAMP contents using radioimmunoassay. The primary antibody and standard for PRL assay were purchased from the National Pituitary Agency and Dr. A.F. Parlow (Harbor-UCLA Medical Center, Torrance, California). cAMP was determined using specific antiserum provided by Albert Baukal (National Institute of Child Health and Human Development, Bethesda, Maryland).
125 I-PRL and 125 I-cAMP were purchased from PerkinElmer Life Sciences.
Electrophysiology. Glass pipettes were fire-polished and heavily coated with Sylgard (Midland). The resistance of pipettes was 3-6 M⍀. Cellattached capacitance measurements were performed with a dual-phase lock-in patch-clamp amplifier (SWAM IIC; Celica) as described previously (Vardjan et al., 2007 . A sine wave voltage (1591 Hz, 111 mV r.m.s.) was applied to the pipette while holding the pipette potential at 0 mV. The phase of the dual-phase lock-in amplifier was adjusted and checked at regular intervals as described previously (Vardjan et al., 2007; Jorgačevski et al., 2010) . We performed capacitance measurements under nonstimulated conditions and after stimulation with different cAMP-increasing agents: 1 mM IBMX (3-isobutyl-1-methylxanthine, a phosphodiesterase inhibitor to increase cytosolic cAMP concentration), 10 mM dbcAMP (N 6 ,2Ј-O-dibutyryl adenosine-3Ј,5Ј-cyclic monophosphate, a membrane-permeable cAMP analog), and 1 M forskolin. dbcAMP and IBMX were added as a bolus of the stock solutions, which were prepared in extracellular solution. Stimulation with forskolin was performed by a 30 min preincubation of cells with forskolin.
Data analysis. Electrophysiological recordings were analyzed in the custom-made software (CellAn) written for MATLAB (MathWorks). For transient fusion events, vesicle capacitance (C v ) and G p were calculated from the imaginary (Im) and the real (Re) part of the admittance signals, as reported previously (Lollike and Lindau, 1999) 
where is the angular frequency ( ϭ 2ïf, f is the sine-wave frequency, 1591 Hz), and G p ϭ (Re 2 ϩ Im 2 )/Re. Fusion-pore radius was estimated by using the equation G p ϭ (r 2 )/(), where r denotes fusion pore radius, the estimated resistivity of the saline (100 ⍀cm), and the length of a gap junction channel (15 nm; Spruce et al., 1990) . Vesicle diameter was calculated by using specific membrane capacitance (c m ) of 8 fF/m Ϫ2 . A burst was considered to consist of no less than five transient events, with no more than 5 s between the ensuing events. Transient events in a burst were considered periodic when times between the ensuing events were normally distributed (Shapiro-Wilk normality test) and the coefficient of variation of the Gaussian curve fitted to the data was Ͻ0.2.
All statistics were performed with Sigma Plot (Systat Software). Results are presented as mean Ϯ SEM. Statistical significance was evaluated by using Student's t test for normally and Mann-Whitney for non-normally distributed data: p Ͻ 0.05 (*) and p Ͻ 0.01 (**).
Solutions. The extracellular solution consisted of 10 mM HEPES/ NaOH, pH 7.4, 10 mM D-glucose, 130 mM NaCl, 8 mM CaCl 2 , 1 mM MgCl 2 , and 5 mM KCl. Unless stated otherwise, all chemicals of highest purity available were purchased from Sigma-Aldrich.
Results
The effect of cAMP-increasing agents on cAMP and PRL release in pituitary cells cAMP is a secondary messenger capable of enhancing hormone release by promoting Ca 2ϩ influx into cells or by directly modulating specific steps in the secretory pathway (for review, see Seino and Shibasaki, 2005) . Previously, we have confirmed a linear relationship between intracellular and extracellular cyclic nucleotide concentrations in lactotrophs treated with cAMPincreasing agents (Gonzalez-Iglesias et al., 2006) . Forskolin, an adenylyl cyclase activator, dose-dependently (added to the culture medium at 2, 10, and 50 M; see Fig. 1a ) increased the concentration of released cAMP in cultured cells, as reported previously (Gonzalez-Iglesias et al., 2006) . To determine whether forskolin also affects the release of hormones from lactotrophs, we measured PRL release from perfused pituitary lactotrophs when forskolin was applied for a period of 40 min (Fig. 1b) . At lower concentrations of forskolin (2 and 10 M), PRL release was enhanced immediately after the addition of forskolin and reached a steady-state that was 1.6-fold higher than in controls. However, at a higher concentration of forskolin (50 M), PRL release increased only after a delay of 30 min (Fig. 1b) . Because different concentrations of forskolin had different effects on PRL release from lactotrophs, we wanted to determine whether this effect was specific for forskolin. Next, we used dbcAMP, a membranepermeable cAMP analog. In Figure 1c , the results show that dbcAMP increased PRL release by 1.5-fold at 2.5 and 5 mM. However, the addition of 10 mM dbcAMP decreased the rate of PRL release, which reached levels lower than those recorded in controls. At 15 mM dbcAMP, the rate of PRL release continued to decrease but reverted to partial recovery upon rinsing dbcAMP from the bath.
These results indicate that cAMP potentiates PRL release at relatively low concentrations, whereas at higher cAMP concentrations it inhibits PRL release. Therefore, our next goal was to study how cAMP-increasing agents affect the exocytic machinery directly. To this end, we recorded unitary exocytic events by the high-resolution membrane capacitance technique (Neher and Marty, 1982; Zorec et al., 1991) .
cAMP increases the frequency of transient exocytic events
Although single-fusion events can be studied in single cells Vardjan et al., 2007; , few studies address the question of how cAMP modulates unitary exocytotic events (Sikdar et al., 1998; Hanna et al., 2009 ). Here, we studied the effects of cAMP on the occurrence and on the properties of the unitary exocytic events of PRL-containing vesicles. We used the cell-attached patch-clamp technique to monitor C m , a parameter linearly related to the plasma membrane surface area in control conditions (extracellular solution) and in the presence of different cAMP-increasing agents. To elevate cAMP levels, we applied IBMX, a nonspecific phosphodiesterase inhibitor (1 mM), and forskolin (1 M), in two separate sets of experiments, both of which have been shown to increase cAMP and PRL release from lactotrophs ( Fig. 1b) (Gonzalez-Iglesias et al., 2006) . We performed an additional set of experiments where we applied 10 mM dbcAMP, which inhibits PRL release (Fig. 1c) .
The recordings were made from 50 membrane patches, each on a different cell, with a total recording time of 13.9 h (3.2 h at control conditions and 10.7 h at stimulated conditions) and at an average time of 1000 s per recording. We observed the presence of discrete irreversible upward and downward steps in C m , likely indicating full-fusion exocytosis and endocytosis, respectively (Heuser and Reese, 1973; Neher and Marty, 1982) (Fig. 2a) . We also recorded reversible steps in C m that likely represent transient exocytosis (Alvarez de Toledo et al., 1993; Fesce et al., 1994; (Fig. 2b) . Transient exocytic events, observed in the imaginary part of the admittance trace (Im), often exhibited a crosstalk, observed on the real part of the admittance trace (Re), indicating the presence of a narrow fusion pore (Lollike and Lindau, 1999) (Fig. 2b ). For these events, we calculated the vesicle capacitance (C v ) and fusion pore conductance (G p ), as described in Materials and Methods ( Fig. 2c ) (Lollike and Lindau, 1999) . The average C v amplitude of exocytic events recorded in control and in stimulated conditions was 0.88 Ϯ 0.03 fF (range, 0.2-4 fF). By assuming specific membrane capacitance of 8 fF/m Ϫ2 and spherical geometry of vesicles, the amplitude corresponds to vesicle diameter of 176 Ϯ 10 nm, which is in agreement with previously published results on PRL-containing vesicles (Smets et al., 1987; Angleson et al., 1999; Vardjan et al., 2007 , 2011 .
The occurrence of irreversible upward events did not significantly change after the addition of any of the cAMP-increasing agents (Fig. 2d , black bars; Table 1 ). However, both IBMX and forskolin applications increased the occurrence of transient exocytic events twofold: from 0.06 Ϯ 0.01 s to 0.11 Ϯ 0.01 s ( p Ͻ 0.01) and to 0.11 Ϯ 0.02 s ( p Ͻ 0.05), respectively ( Fig. 2d , open bars). The stimulation with dbcAMP elicited an even greater increase in the frequency of transient exocytic events, to 0.18 Ϯ 0.02 s (Fig. 2d , open bars p Ͻ 0.01). Observed changes were not an artifact of the vehicle (20 mM DMSO) because control experiments where we added the vehicle without cAMP increasing agents did not affect the frequency of transient exocytic events (data not shown).
The inverse linear relation between the occurrences of reversible (transient) versus irreversible (full-fusion) exocytic events indicates that cAMP stimulation augments the former while inhibiting the latter events ( Fig. 2e) , which is consistent with the view that cAMP upregulates the transient mode of exocytosis (Hanna et al., 2009 ). We also observed that the nature of appearance of transient exocytic events was different after stimulation. Before the stimulation, transient exocytic events usually occurred as independent events, whereas after the addition of dbcAMP, they often appeared in bursts (Fig. 2f ) . Figure 3a shows the C v amplitude distribution of transient exocytic events recorded in a representative patch of membrane. There is unchanged C v amplitude before and after dbcAMP application (Gaussian mean 1.09 Ϯ 0.05 fF; n ϭ 11 and 1.08 Ϯ 0.01 fF; n ϭ 64), indicating that dbcAMP stimulation modulated the properties of a preexisting fusion pore. To determine whether transient events in C m represent the repetitive fusion pore opening of a single vesicle, we compared the C v amplitudes of upward and downward steps in this recording. Regression lines for control (n ϭ 11 events, filled circles) and dbcAMP-stimulated conditions (n ϭ 64 events, open circles) had slopes close to 1 (1.0 Ϯ 0.1 and 0.8 Ϯ 0.1, respectively; Fig. 3aii ) and high correlation coefficients (r ϭ 0.95 and r ϭ 0.78, respectively; Fig. 3aii ). These results are consistent with the view that transient exocytic events represent a single vesicle interacting with the plasma membrane. To further test whether this is valid for all patches, we compared the average upward and downward amplitudes in C v in controls (n ϭ 16 cells) and after cAMP stimulation (n ϭ 21 cells). Similarly as for the single patch, the results were best fitted Figure 2 . cAMP-increasing agents augment the frequency of reversible, but not the irreversible, discrete capacitance steps. The irreversible events are represented by discrete upward or downward step in the imaginary admittance trace (Im), which is proportional to the membrane capacitance. Reversible events consist of an upward and a subsequent downward discrete step in Im, which follows within 5 s. a, A representative example of irreversible upward (left) and downward steps (right) in Im trace and the corresponding real part of the admittance trace (Re, top). b, Reversible events in Im before (Control, left) and after the stimulation by dbcAMP (10 mM, ϩdbcAMP, right). Some of the reversible events in Im trace exhibit projections to the Re trace. *Others were devoid of projections. Arrows indicate calibration pulses in Im, used to adjust the phase of the lock-in amplifier. c, Projected reversible events were used to calculate G p and C v , as described in Materials and Methods. Shown is a representative example framed in b. d, The average frequency of irreversible upward events (filled bars) in controls was 0.005 Ϯ 0.002 s (n ϭ 16). The addition of phosphodiesterase inhibitor (IBMX, 1 mM), an agent to activate adenylyl cyclase (forskolin 1 M, Forsk), and a membrane-permeable cAMP analog (dbcAMP, 10 mM) did not affect ( p Ͼ 0.05) the frequency of irreversible upward events (0.003 Ϯ 0.002, 0.006 Ϯ 0.002, and 0.001 Ϯ 0.001 s), respectively. The average frequency of reversible events (open bars) increased from 0.06 Ϯ 0.01 s in controls to 0.11 Ϯ 0.01 s (**p Ͻ 0.01; IBMX), 0.11 Ϯ 0.02 s (*p Ͻ 0.05; forskolin), and 0.18 Ϯ 0.02 s (**p Ͻ 0.01; dbcAMP). Values are mean Ϯ SEM. Numbers above error bars indicate the number of patches. e, We observed negative relationships between the average frequency of irreversible upward events and the average frequency of reversible events for each condition, which was best fitted with the linear regression: y (the average frequency of reversible events) ϭ (Ϫ21 Ϯ 9) ϫ x (the average frequency of irreversible upward events) ϩ (0.20 Ϯ 0.04) with the correlation coefficient, r ϭ 0.85. f, Representative Im trace, showing a burst of reversible events. We defined a burst as a minimum of five reversible events with Ͻ5 s between ensuing reversible events. with the regression line with the slope near 1 (0.97 Ϯ 0.04 for control and 1.04 Ϯ 0.02 after stimulation) and with even higher correlation coefficients (r ϭ 0.99 and 0.99, respectively; Fig. 3b ). We also investigated whether the stimulation by cAMP affects the distribution of C v amplitudes of transient exocytic events. Figure  3c shows that, in controls, the distribution of C v amplitudes consisted of two peaks (with mean amplitudes of 0.58 Ϯ 0.01 fF and 1.44 Ϯ 0.02 fF), indicating two populations of vesicles interacting with the plasma membrane. However, after stimulation by cAMP, the predominant vesicle population that interacted with the plasma membrane exhibited a lower C v amplitude of 0.61 Ϯ 0.01 fF. This population of vesicles represented 50% of all vesicles interacting with the plasma membrane in controls, whereas it increased to 93% after cAMP stimulation. These results indicate that stimulation by cAMP primarily affects smaller peptidergic vesicles, which are engaged in transient mode of exocytosis.
cAMP affects the fusion pore diameter and dwell time In the transient mode of exocytosis, vesicle cargo discharge can be constrained by a narrow fusion pore and by the relatively short effective fusion pore dwell time Tsuboi and Rutter, 2003; Stenovec et al., 2004; Obermüller et al., 2005) . Therefore, our next aim was to determine whether cAMPincreasing agents alter the fusion pore geometry. Thus, we calculated fusion pore conductance (G p ; Fig. 2c , see Materials and Methods) (Lollike and Lindau, 1999) , a parameter related to the fusion pore diameter . However, G p can only be calculated for transient fusion events exhibiting a significant crosstalk between the Im (proportional to the vesicle capacitance C v ) and the Re traces. In this case, a relatively narrow fusion pore acts as a resistor, which produces a measurable projection to the Re part of the admittance signal (reflecting the conductance of the fusion pore) (Lollike and Lindau, 1999) .
The majority of transient fusion events, observed in controls and in dbcAMP-stimulated conditions, exhibited wide fusion pores. Stimulation with dbcAMP increased the percentage of transient exocytic events with wide fusion pores from 67% to 99% (Table 1) . Transient exocytic events with narrow fusion pores decreased from 25% in controls to ϳ1% after treatment with dbcAMP (Table 1 ). In addition, the percentage of full-fusion events decreased after stimulation with dbcAMP from 8% (control) to Ͻ1% (Table 1) .
To learn about the influence of each of the cAMP-enhancing agents on G p in detail, we analyzed the average G p in each set of experiments, respectively (Fig. 4a) . After the treatment with IBMX, the average G p was 21 Ϯ 1 pS (n ϭ 139 events), similar to the average G p in controls (23 Ϯ 2 pS; n ϭ 75 events; Fig. 4a ). However, a significant increase in the average G p was observed after the treatment by forskolin and dbcAMP: 30 Ϯ 1 pS (n ϭ 141; p Ͻ 0.01) and 32 Ϯ 6 pS (n ϭ 9; p Ͻ 0.05; Fig. 4a ), respectively. Interestingly, if we analyzed the cAMP-mediated change in fusion pore conductance as a function of C v , the results revealed that larger vesicles with C v Ͼ 1 fF exhibited larger G p than events with C v Ͻ 1 fF (Fig. 4b) .
The dwell time of transient fusion pore openings was measured as the time between the upward and the ensuing downward step in C m , as reported (Vardjan et al., 2007; open fusion state, which we calculated as the sum of all fusion pore dwell times divided by the total recording time, increased after dbcAMP stimulation threefold, from 0.02 (n ϭ 16 cells) to 0.07 (n ϭ 7 cells). In contrast, IBMX (n ϭ 10 cells) and forskolin (n ϭ 5 cells) stimulation did not significantly affect the probability of open fusion pore state (0.02 and 0.03, respectively). Moreover, the cAMP-mediated effects of fusion pore dwell time depended on the C v amplitude. In controls, fusion pore dwell time was shorter for events with C v Ͻ 1 fF than with C v Ͼ 1 fF (Fig. 4d) .
Frequency histograms of fusion pore dwell time (Fig. 4e) show that, in controls and after simulation with IBMX, distributions of fusion pore dwell times are similar (modal peaks at ϳ0.03 s). However, after stimulation with forskolin, fusion pore dwell time distribution shifted to higher values (second peak at ϳ0.07 s). After stimulation with dbcAMP, the distribution of fusion pore dwell times was different. Instead of a single or double mode distribution, we observed several modes (Fig. 4e, bottom right) . Each of the modal peaks (Fig. 4e , bottom right, arrows) denotes a particular burst of events. Multimodality was observed also for separated data of C v Ͻ 1 fF and C v Ͼ 1 fF (data not shown). The prolonged fusion pore dwell time, observed after the stimulation with forskolin and dbcAMP, is consistent with previous reports (Ohara-Imaizumi et al., 2002; Gandhi and Stevens, 2003; Perrais et al., 2004; Thorn and Parker, 2005) . Our results indicate that the stimulation with a low concentration of IBMX and forskolin is not sufficient to affect fusion pore dwell time. On the other hand, the mean dwell time of ϳ250 ms after dbcAMP stimulation is similar to the reported value after depolarization with KCl (Vardjan et al., 2007) .
The addition of dbcAMP elicits periodicity of transient fusion events within a burst
The increased intracellular level of cAMP elicited the periodicity of transient fusion events, which appeared in bursts (Figs. 2f and Fig. 5a,b) . Within a burst, the transient fusion pore events represent repetitive reopening of the single vesicle fusion pore as indicated by practically identical C v amplitudes (see also Fig. 2f ) . Moreover, fusion pore dwell times of the repetitive reversible events in the same burst were relatively constant, contributing to the distinct modal peaks seen in Figure 4e , bottom right) (Henkel et al., 2000 and Stenovec et al., 2004) . To study periodicity of transient fusion events in more detail, we determined the burst parameters. We considered a burst to be composed of at least five transient events, with at most 5 s in between ensuing events. In controls, 42% of transient fusion events occurred in bursts (n ϭ 115 events in bursts). The percentage of events appearing in bursts increased to 53% (n ϭ 338 events in bursts) after IBMX stimulation and to 70% (n ϭ 153 events in bursts) after forskolin stimulation. After dbcAMP stimulation, almost all events appeared in bursts (ϳ94%; n ϭ 1078 events in bursts). We then measured the time between ensuing events within bursts. The distribution of these, before stimulation, was complex (Fig. 5c) . In contrast, stimulation with dbcAMP resulted in a bell-shaped distribution (Fig. 5d,e) , indicating that the fusion pores reopened at predictable times within a given patch of membrane where the periodic behavior was recorded. To confirm the periodicity, we fitted the distributions with Gaussian curves (Fig. 5d,e) with mean values of 0.465 Ϯ 0.001 s and 1.166 Ϯ 0.002 s. Similar values were reported previously (Stenovec et al., 2004) .
Then we analyzed the relationship between the number of transient fusion events within a burst and the duration of the burst (Fig. 5f ). In bursts after cAMP stimulation, we observed that the number of transient fusion events was correlated with the duration of the burst (r ϭ 0.76; n ϭ 44 bursts), with the average frequency of 0.56 Ϯ 0.08 events/s in bursts. Figure 5f shows that the majority of bursts that occurred after the addition of cAMPincreasing agents had increased the number of events per burst and prolonged burst duration compared with controls. The average number of transient fusion events in a burst increased from 14 Ϯ 4 events in controls (n ϭ 115 events in 8 bursts) to 17 Ϯ 3 events after addition of IBMX (n ϭ 338 events in 19 bursts), to 29 Ϯ 20 events after addition of forskolin (n ϭ 153 events in 8 bursts) and to 27 Ϯ 6 events after addition of dbcAMP (n ϭ 1078 events in 17 bursts). The average burst duration was similar in (Fig. 1e for definition) with durations of 180 and 41 s. c-e, Representative histograms of times in between ensuing transient exocytic events within a burst in controls (c) and after the addition of dbcAMP (d,e) . The histogram of controls shows a random distribution, whereas histograms after the addition of dbcAMP (which are partially shown in a,b) appear normally distributed and were fitted with Gaussian curves with the mean values of 0.465 Ϯ 0.001 s (n ϭ 645 events) and 1.166 Ϯ 0.002 s (n ϭ 26 events), respectively. f, The number of reversible events in a burst depends on the burst duration. The control data points were fitted with the regression line (dotted line) with parameters: y (number of events per burst) ϭ (0.30 Ϯ 0.27) ϫ x (burst duration in seconds) ϩ (10 Ϯ 6) (correlation coefficient r ϭ 0.41, n ϭ 8 bursts, p ϭ 0.3) and after stimulation with cAMP (solid line): y (number of events per burst) ϭ (0.56 Ϯ 0.08) ϫ x (burst duration in seconds) ϩ (6 Ϯ 2) (correlation coefficient r ϭ 0.76, n ϭ 44 bursts, p Ͻ 0.001). The number of bursts of controls is much reduced. g, The time between consecutive reversible events in a burst did not depend on the burst duration. Control data points were fitted with the regression line (dotted line) with parameters: (Figure legend continues.) control and in IBMX-stimulated condition (ϳ18 s), whereas after forskolin and dbcAMP stimulations, burst durations were prolonged (ϳ24 s and ϳ33 s, respectively; data not shown). We also analyzed the relationship between the time between consecutive transient events within a burst and burst duration, which showed a poor correlation (r ϭ 0.29; n ϭ 50 bursts) and slope near 0 (0.01 Ϯ 0.007; Fig. 5g ). The majority of bursts recorded in the presence of elevated cAMP exhibit longer periods between consecutive transient events in addition to the prolonged burst durations, compared with controls (Fig. 5g) . Therefore, the burst duration is related to the number but not the time in between consecutive transient fusion events. Figure 5h , i shows cumulative numbers of transient events in two representative recordings. The appearance of bursts both in control and in dbcAMPstimulated conditions are highlighted in insets, respectively. In controls, the time between consecutive events is rarely periodic with the probability of periodicity of 0.1%, calculated as the time in which reversible events were periodic, divided by the total time of recordings (see Materials and Methods). However, the inset of the dbcAMP-stimulated recording shows highly periodic transient exocytic events. The overall probability of periodicity after the addition of dbcAMP was 15%, much more than in spontaneous conditions, where it was 0.1%.
These results indicate that dbcAMP stimulation not only increases the frequency of transient exocytic events but also affects the nature of their appearance: transient exocytic events become periodic, with periodic fusion pore dwell times and more frequently appear in bursts.
cAMP stabilizes transient, widely open fusion pores
The results shown in Table 1 demonstrate that dbcAMP decreases the fraction of transient exocytic events with relatively narrow (measurable) fusion pores. Moreover, the remaining transient exocytic events with measurable fusion pores exhibit increased diameters, compared with controls (Fig. 4a) . Both results indicate that the addition of dbcAMP promotes wider fusion pores. Previously, we observed that fusion pore diameter is related to the diameter of vesicles . To check the possibility that the elevation of cAMP influences a previously observed relationship, we plotted C v and the respective G p for each event in controls and after the addition of cAMP-increasing agents (Fig. 6a) . The data points were best fitted with linear regressions with the following slopes: 2.3 Ϯ 0.5 pS/ fF (control) and 7.0 Ϯ 0.5 pS/ fF (cAMP-increasing agents) ( p Ͻ 0.001). These results show that a vesicle of a given C v (diameter) may attain a threefold larger G p (wider fusion pore) in the presence of a cAMP-increasing agent (Fig. 6a) .
Discussion
Regulated exocytosis consists of several distinct stages (Coorssen and Zorec, 2012) . The key finding of this work is that cAMP stabilizes a stage, where the vesicle fusion pore transiently opens to relatively wide diameters but has a reduced probability to enter into the full-fusion exocytic stage (Fig. 6b) be attained by regulating fusion pore gating (kinetics) and by regulating fusion pore diameter (Staal et al., 2004; Stenovec et al., 2004; Vardjan et al., 2007; Jorgačevski et al., 2008, zharv; 232010Zhang and Jackson, 2008) , as demonstrated in the present work for cAMP modulation of regulated exocytosis.
Hormone-release studies have shown that cAMP-elevating agents stimulate PRL release from pituitary cells at relatively low forskolin and dbcAMP concentrations, whereas at higher concentrations an inhibition of PRL release was recorded (Fig. 1) . The latter finding contrasts with previous studies, where IBMX increases the content of cAMP in cells and also the release of PRL in a dose-dependent manner (Gonzalez-Iglesias et al., 2006) . In the present work, elevated forskolin (50 M) and dbcAMP (Ͼ10 mM) concentrations are inhibitory for PRL release (Fig. 1) . Among many possible mechanisms, the inhibition of PRL release at elevated levels of cAMP may be the result of direct cAMPmediated modulation of the exocytic machinery (Sikdar et al., 1990 (Sikdar et al., , 1998 Hanna et al., 2009) .
cAMP increases the occurrence of transient exocytic events
As shown previously (Zorec et al., 1991; Jorgačevski et al., , 2011 , we recorded unitary exocytic events in lactotrophs (Figs. 2 and 5). The amplitude of ϳ1 fF of these events is consistent with the view that they represent peptidergic vesicles interacting with the plasma membrane (Jorgačevski et al., 2011) . Two kinds of discrete increases in C m were present: irreversible, representing full-fusion, and reversible, representing the transient mode of exocytosis (Fig. 2) . Interestingly, cAMP-increasing agents did not increase the frequency of the former, but only the frequency of the latter (Figs. 2 and 3) . The increased frequency of transient events is consistent with the increased PRL release recorded in these cells (Fig. 1) . Furthermore, transient exocytic events exhibited wider fusion pore diameters and prolonged fusion pore dwell times (Fig. 4) , all facilitating the exit of vesicle cargo into the extracellular space. However, the relative reduction of the occurrence of discrete irreversible steps in C m observed in the presence of cAMP-elevating agents (Fig. 2e) , indicates that vesicle discharge may not attain full rates because it is hindered by the inability of transient exocytic events transiting into the fullfusion stage of regulated exocytosis (Fig. 6b) . This condition is likely reflected in reduced rates of PRL release recorded at relatively high dbcAMP concentrations (Fig. 1) . These results are in agreement with the decrease in cAMP-dependent full-fusion events in ␤-cells (Hanna et al., 2009) . As in our experiments, where cAMP-increasing agents increase the frequency of transient exocytic events (Fig. 2d,e) , a similar augmentation of the occurrence of transient exocytotic events was observed in PC12, chromaffin, and pancreatic ␤-cells (Wang et al., 2003; Hanna et al., 2009 ), but not in islet cells (Hatakeyama et al., 2006) . Furthermore, Cochilla et al. (2000) have shown that the increase of intracellular cAMP does not affect the number of plasma membrane fusion sites. Thus, the enhanced, cAMP-stimulated PRL release observed (Fig. 1b ) (Gonzalez-Iglesias et al., 2006) is the result of the increased secretion of PRL per fusion site, possibly via more efficient vesicle discharge (i.e., increased frequency of reversible exocytic events and increased G p ; Figs. 2d and Fig. 4a ). Most likely, the aforementioned cAMP-stimulated PRL release cannot be attributed to the compound exocytosis ) because the results on the vesicle sizes (estimated from C v ; Fig. 3 ) do not support this conclusion.
The fusion pore has long been considered an unstable intermediate leading to complete merger of the vesicle membrane with the plasma membrane (Heuser and Reese, 1973) . However, recent evidence indicates that the fusion pore can exhibit remarkable stability and can fluctuate between several open and closed states (Vardjan et al., 2007; Jorgačevski et al., 2010) . The results in this study show that cAMP may stabilize one of these intermediates (i.e., transient fusion pore openings with relatively wide diameters and prolonged dwell times). However, this intermediate unlikely proceeds to the full-fusion stage of exocytosis (Fig. 6b ) and thus represents a hindrance for the fastest rates of PRL release. A similar stabilization, albeit with fusion pore narrowing, was observed in lactotrophs transfected with Munc 18 -1 mutants (Jorgačevski et al., 2011) and in lactotrophs exposed to Al 3ϩ .
The increase of intracellular cAMP resulted in fusion of larger vesicles in melanotrophs (Sikdar et al., 1998) . Our results show that the amplitudes of C v of transient events are similar in control and cAMP conditions in a given patch of membrane (Figs. 2b,f  and 3 ). However, when we plotted the C v amplitudes of all recorded events, the amplitudes of C v appeared to consist of two vesicle populations being engaged in regulated exocytosis. The recalculated average vesicle diameters were 145 and 225 nm (see Materials and Methods), corresponding well with the size of PRL-containing vesicles (Smets et al., 1987; Angleson et al., 1999) . Stimulation with cAMP-increasing agents increased the occurrence of the smaller amplitude vesicles (Fig. 4c) . Why cAMP-mediated effects are related to mainly the smaller-sized vesicles interacting with the plasma membrane is unclear but may relate to the observation that fusion pore diameter attained at equilibrium depends on vesicle diameter and on the intrinsic shape of membrane constituents in the region of the fusion pore . The latter could be affected by cAMPdependent alteration of the local phospholipid environment (Su et al., 2012) , whereas size modulation of vesicles of different diameters was observed also in cells treated by Munc 18-1 mutations (Jorgačevski et al., 2011) . cAMP-increasing agents elevate the fusion pore conductance and invoke rhythmicity The release of vesicle content through a transient fusion pore depends on the effective diameter and the lifetime of the fusion pore. Previous studies have shown that KCl and hyposmotic stimulation affects both parameters in rat lactotrophs (Vardjan et al., 2007; . In the present work, 25% of transient events, measured in control conditions, exhibited fusion pores, with the diameters Ͻ3 nm (a limitation of our experimental setup; Debus and Lindau, 2000) (Table 1) , as reported and too narrow for the exit of PRL from the vesicle (Vardjan et al., 2007) . Stimulation with cAMP-increasing agents decreased the percentage of narrow fusion pores and increased the average fusion pore diameter of measurable fusion pores (Table 1 ; Fig. 4 ). Only stimulation with IBMX failed to result in a statistically significant increase of the average fusion pore diameter. This failure could be the result of the slower time course of the cAMP increase that follows this type of stimulation. The other possibility is that the level of cAMP concentration achieved with this stimulation is below the level of that achieved with forskolin and dbcAMP. In agreement with these two notions, stimulation with dbcAMP had the most robust effects on the kinetics and conductance of the fusion events (Figs. 4, 5, and 6) . failed to observe changes in G p after the stimulation with 5 M forskolin, which could be the result of the different concentration used or the different cell model.
Rhythmicity of transient fusion events
Our results show that the average fusion pore dwell time significantly increased only after the stimulation with dbcAMP (Figs. 4  and 6a ). This result may reflect the fact that the intracellular cAMP concentration must reach a threshold value to increase the fusion pore dwell time. The distribution of fusion pore dwell times shows that in controls the modal peak is similar to the one reported (Stenovec et al., 2004) and is not changed after the stimulation with IBMX (Fig. 4c) . Stimulation with forskolin shifted the modal peak dwell time to a higher value. On the other hand, stimulation with dbcAMP resulted in several modal values, which represent the distribution of fusion pore dwell times within bursts (Figs. 2f and 5a,b) and are similar to the observations of stimulated fission pore open states (Henkel et al., 2000) . Moreover, time in between ensuing exocytic events was regular and could be fitted with a Gaussian curve (Fig. 5d,e) . Amperometric measurements in giant dopamine neurons of freshwater snail showed a similar phenomenon: a bursting of periodic exocytotic events (Chen et al., 1996) . The physiological significance of this periodic exocytic activity is still unknown but may involve cationic fluxes through the fusion pore and the vesicle membrane, as previously modeled (Kabaso et al., 2012) .
In conclusion, the regulation of cAMP-mediated PRL-release is much more complicated than initially thought. Even though the increase in cAMP to a certain level stimulates PRL release, at much higher levels of cAMP, the PRL release is significantly reduced mainly because of a decrease in the full-fusion exocytic events. We attribute transient increase in PRL release to stabilized fusion pores, which open more frequently, have on average prolonged dwell time and wider diameters but are unable to transit into the full-fusion exocytic state.
